Aims. We consider the influence of celestial-sphere brightness on determinations of terrestrial albedo from earthshine intensity measurements. In particular, the contributions from zodiacal light and starlight are considered. Methods. Using published data for the zodiacal light (ZL) and stellar brightness distribution across the sky, we calculate the expected contribution to the sky at the position of the Moon in typical earthshine observations, and the magnitude relative to typical earthshine intensities. We derive terrestrial albedo with and without the ZL correction in order to gauge the magnitude of the effect. Results. We find that celestial-sphere surface brightness can be so large that a considerable and unacceptable error level would have an impact on half of typical earthshine-based albedo-determinations if left unaccounted for. Considering the empirical uncertainty on ZL, we show that almost all our earthshine data can be used if a sky correction is made. In real observations we find up to a 1% effect on albedo results of correcting for the celestial brightness. Conclusions. Correction for ZL and starlight brightness is essential to earthshine measurements if climate-science relevant levels of terrestrial albedo accuracy are to be achieved, something that has not yet been realized. With ZL and starlight corrections the earthshine method can potentially yield accurate terrestrial albedo values.
Introduction
Earthshine is the light from Earth that falls on the Moon. Near new moon the Earth is almost full and earthshine is brightest; this is when it is easiest to see the normally dark side of the Moon. The intensity of the earthshine is not only a function of celestial geometry, but is also proportional to the state of the Earth's surface: bright clouds, deserts, and ice reflect a great deal of light, while forests and oceans are darker. The shortwave albedo is an important regulator of the climatic energy balance, but it is also dependent on the state of the climate system. Studying the albedo is therefore of interest to climate research; in particular, long-term studies could provide important independent insights into mean climate trends. Satellites cannot yet observe terrestrial albedo with long-term accuracy beyond the 1% limit (Kieffer & Stone 2005) . Careful ground-based observations of earthshine intensity potentially offer a way to obtain albedo data more accurately and at a fraction of the cost of space-based systems Flatte et al. 1992) .
Historically, earthshine on the dark side of the Moon has been studied quantitatively since the 1930s (Danjon 1933; Dubois 1955; Bakos 1964; Rydgren 1966; Franklin 1967) , although the full realization of what earthshine actually was had been written down some 500 years ago (Longshaw 2010) . Today, modern equipment and analysis methods are able to obtain much more accurate data, but precision is dominated by natural variability in the Earth climate system. Albedo itself varies by several percentage points from day to day as a result of drifting cloud masses, and observing through an atmosphere makes the method susceptible to subtle transparency variations. It was understood early on that the use of relative intensity measurements could be an efficient counter to this problem, but the variable scattered light in the halo around the bright side of the Moon was not efficiently dealt with until modern observations began (Goode et al. 2001) at the Big Bear Solar Observatory (BBSO). Here, the spatial trend of the scattered light was mapped thanks to CCD imaging and thus became subtractable (Qiu et al. 2003) .
Earthshine intensity determination with the modern method is essentially an exercise in surface brightness determination for an extended source, and is thus challenging: point sources are easier to study photometrically. In considering the problems of reducing image data of the Moon with the strong halo of scattered light around it, we have come to realize that an important variable factor is being ignored or incorrectly accounted for in data reductions: the sky behind the Moon is routinely assumed to be completely black. It is not, of course; there are faint sources of light, some resolved, some not. If the sources are bright enough, a basic data reduction step in current techniques is invalid, leading to biases of up to 1% in terrestrial albedo determined from earthshine intensity measurements.
Earthshine studies are currently of interest to the exoplanet community, and has always been of interest to investigations into Earth's albedo in planetology, astronomy, climate, and climate change contexts. The method offers an estimate of terrestrial albedo that is independent from satellite-based measurements A&A 573, A131 (2015) which in turn are dealing with calibration and drift issues at a level of several percentage points (Kieffer & Stone 2005; Wu et al. 2006; Viticchiè et al. 2013 ). Long-term stability in data is needed in order to have an impact on climate change issues in the face of a large natural variability of the albedo: long time-series without instrumental drift need to be generated so that averages can reduce the scatter and reveal, if present, drifts in terrestrial albedo (Herman et al. 2013) , or subtle cycles due to external forcing (e.g. solar cycle effects on cloud cover, e.g. Shindell et al. 1999) , or internal dynamics (e.g. the ENSO phenomenon). Bender et al. (2006) reviewed the satellite-based data on terrestrial albedo and show annual cycles in albedo at the 9% level driven by well-understood changes in the weather system, and standard deviations of monthly binned values of that cycle at the 1.7% level. Small trends in albedo are difficult to detect under such conditions, unless long series of observations are available. To beat the variability and also offer an advantage over current levels of absolute-photometry calibration of satellites, we have set ourselves a design goal of 0.1% error. That is, we do not wish to knowingly have sources of error (bias, mainly) larger than this in single measurements. Scatter is another matter: BBSO report obtaining albedo-determinations in single images of the Moon with typically 1% uncertainty, a level of scatter (i.e. precision) we concur with. Averaging over many such determinations (approximately 100) can meaningfully drive down the error to near the 0.1% level provided there is no large bias present.
Earthshine data reduction procedures
In reducing observed images of the earthlit Moon, the basic reduction steps consist of bias-subtraction and flat-fielding followed by some sort of sky subtraction to account for interfering lights. This light is to a large extent from the Moon itself, but some also arises in the atmosphere (airglow, and for some latitudes, aurora), or is ground-reflected Moonlight. The halo around the bright side (BS) of the Moon has a strong spatial gradient and is caused by scattering in the atmosphere itself and by the optics of the telescope. This halo stretches onto the dark side (DS) of the Moon in the image. The early measurements of earthshine corrected for the level of sky brightness near the Moon, but ignored (and did not record) the spatial gradient, probably making current-day reduction of the historical measurements impossible.
The BBSO earthshine group introduced the estimation of the gradient by fitting a line to the brightness of the halo on the sky near the DS and extrapolating this onto the DS near the edge, thus enabling the removal of the scattered light. Our own methods (described in more detail in Appendix A) are centred on the complete forward modelling of the halo of scattered light in multi-parametric fitting of theoretically generated lunar images (illuminated by the Sun and a simple model of the Earth) to the observations, thereby determining the best-fitting Lambertian equivalent reflectivity of the Earth model.
Central to our own efforts, and also to those of the BBSO, was the idea that the intensity of light on the sky near the DS can be used to define a model of the scattered light on the disc itself so that you can clean the observed image. This is insufficient if the space behind the Moon is bright (see Fig. 1 ). It is quite dark, of course, but so is the DS, and the combined brightness of zodiacal light (ZL), unresolved stars, distant galaxies, and interstellar scattered starlight is significant compared to the earthshine. Omission of this light in reduction methods causes a negative albedo bias because too much light is subtracted from the DS image. Fig. 1 . Brightness contributions on the DS of the Moon and adjacent sky. Vertical dotted line shows the edge of the lunar dark-side (DS) disc. C indicates an atmospheric brightness contribution (airglow and ambient diffuse light) that affects the brightness of the lunar disc as well as the adjacent sky. B is a contribution from background space (such as Zodiacal light, unresolved stars, and scattered starlight) that affects only the sky part of the image. D is a spatially varying halo; it is the scattered light from the bright side of the Moon. A is an incorrect estimate of the earthshine because it is based on the assumption that B is zero.
In this paper we quantitatively analyse the effect of neglecting a ZL and starlight (SL) contribution. We estimate the ZL and SL contributions using observed distributions of ZL and stars. We use ZL tables found in the literature such as Allen (1975) ; Levasseur-Regourd & Dumont (1980) ; Leinert et al. (1997) ; Kwon et al. (2004) and here choose Kwon et al. (2004) who provide an independent, more highly resolved model of the ZL, based on extensive analogue visual-band observational material obtained at Mt. Haleakala, Hawaii, in the 1960s and recently digitized. The data, where comparable to the lower-resolution data of Leinert et al. (1997) , differ by 10−15%. The ZL is concentrated near the Sun and along the ecliptic. For starlight we use the fitted formula of Benn & Ellison (1998) which is based on Roach & Megill (1961) . Starlight is concentrated along the Galactic plane. Starlight is more accurately quantified than the ZL.
Both the ZL and SL estimates we use are based on visualband values because we used the Johnson V-band data that we already had. Adjustments to the actual wavelength bands used in our observations and the basis given in the above references are possible using information in Leinert et al. (1997) , but are on the order of 10% and have not been carried out in this paper. Below, we shall see whether a 15% uncertainty is an important source of error in our earthshine work, since accounting for background sky brightness propagates the relative uncertainty to the albedo determination.
Method
Tabulations of the ZL and starlight brightness are often in units of the number of 10th-magnitude stars per square degree. We thus need to convert this into fluxes and counts so that a comparison can be made to observations. We convert the number of 10th-magnitude stars per square degree, n 10 , to V-band magnitudes per square degree: m = 10 − 2.5 log 10 (n 10 ). Next, we transform the mag/
•2 to mag/ 2 , m = m + 2.5 log 10 ( 60 2 ) and then to mag per pixel using the known pixel size m = m − 2.5 log 10 (6.67 2 ).
Based on the known camera calibration (Thejll et al. 2014) we can further convert this to counts per second (cps), cps = 10.0
where a small B − V colour-term has been omitted in (1). For comparison to the counts in a pixel on an actual image we need the exposure time, t, and thus have:
(2)
Results
We know the sky position and exposure time for our V-band Moon observations, obtained in 2012 at Mauna Loa, Hawaii (Thejll et al. 2014) , and can therefore look up (Kwon et al. 2004 ) the celestial visual-band sky brightness next to the DS of the Moon for each image. We find that the intensity of the zodiacal light and the starlight, in the sky next to the Moon, for all our observations varies by 2 orders of magnitude and lie in the range 0.0003−0.03 counts. Whether this is a lot or a little depends on the intensity of the DS in each image. In Fig. 2 we show the ZL+starlight near the Moon as a percentage of the increment in brightness in going from the sky adjacent to the Moon to the dark side itself immediately near the edge. It appears that half of our observations have an expected ZL+starlight intensity larger than the 0.1% level, suggesting that ignoring the light will bias half of our results by this much or more, which is unacceptable in terms of our science goals.
As it is, ZL intensity can be described to within ±15% and the error contributed to the albedo scales proportionally. Taking the worst-case 1% level ZL brightness relative to DS, we see that the error propagated to the albedo would be 0.15%, which is acceptable.
In Fig. 3 we show the actual change in fitted albedo when all suitable data are reduced with and without the celestial sphere Fig. 3 . Effect of removing zodiacal light and starlight, on fitted albedo, for V-band filter images. Shown is the percentage change in fitted albedo: positive values indicate a rise in albedo upon removal of background sky brightness. 79% of the changes are positive (dotted line); 50% (dashed line) are greater than 0.18. We note that there is both a shifted peak of the distribution and a broader scatter. The origins of the broader scatter is not due to uncertainties in the applied ZL+SL corrections, but can originate in the stochasticity of the lunar dark-side data themselves.
brightness correction. Results for only the V-band filter are shown. Seventy-nine percent of the data undergo an increase in albedo and half of the albedo determinations rise by more than 0.18%. A few albedos are changed by more than 1%. We see that 20% of the albedo changes are negative. This is an indication of the workings of the fitting process itself: during fitting eight model parameters are determined, and albedo is one of them. It is not yet clear whether the negative change is due to an incorrect estimate of the celestial brightness, or is an effect of model-fitting. As a sensitivity-study, we repeated the fitting of all V-band data with negative ZL+SL corrections and found (not shown) an equivalent negative shift of the distribution peak in Fig. 3 . The shift of the peak is therefore due to the sky-light correction itself.
However, the main point is clear: omission of a celestial brightness correction causes an underestimation of fitted albedo for 79% of our data. This applies to all determinations of earthshine intensity that utilize the offset from the surrounding sky to find the DS brightness. Longer exposure times do not affect the matter since the background sky and the DS fluxes both scale linearly with the exposure time.
Discussion
Allowing for the brightness of the celestial sphere adjacent to the DS of the Moon is just the first order correction -the zodiacal light and the starlight also illuminate the DS itself, which interferes with the earthshine measurement. The celestial hemisphere visible from a given surface element on the Moon receives light and scatters it back into space so it mixes with the earthshine reflecting from the same surface element, towards the observer. Since lunar surface reflectance is a steep function of phase angle (see Fig. 6 in Kieffer & Stone 2005) we assume that only small areas of the sky could contribute significantly to the beam along which the earthshine observer looks. One of these is the area just behind the observer, essentially the Gegenschein region, which has low intensity despite the name; however, the strongest ZL light comes from near the Sun and these rays scatter towards the observer at a very low angle where reflectance is relatively small. A full understanding of this oppositely directed effect on terrestrial albedo determinations from the disc illumination awaits a full quantitative treatment, potentially possible with ray-tracing models.
Conclusions
We see that the sky brightness must be estimated and subtracted from at least half our images if the bias on albedo is not to be larger than 0.18%. We also see that even if we estimate the ZL + starlight and subtract it we will inherit a small relative error (about 15%), mainly from the published ZL predictions, but also from slight mismatches in the wavelength bands that ZL and SL and our Johnson V-band filter are based on. The error is acceptable for most of our V-band data, given our science goals. We note that the larger spread in Fig. 3 is likely due to factors unrelated to the ZL+SL corrections, and represent a data-reduction problem yet to be solved.
Our conclusion is that we must correct for the zodiacal light and starlight. Future improvements in the quantification of zodiacal light brightness will benefit present and future earthshine observations. Calculation of the opposite effect of celestial light on the brightness of the lunar surface itself, must be performed.
